The stretch of the cardiac muscle is immediately followed by an increase in the contraction strength after which occurs a slow force increase (SFR) that takes several minutes to fully develop. The SFR was detected in a wide variety of experimental preparations including isolated myocytes, papillary muscles and / or trabeculae, left ventricle strips of failing human myocardium, in vitro isovolumic and in vivo 21 volume-loaded hearts. It was established that the initial increase in force is due to an increase in myofilament Ca responsiveness, 21 21 whereas the SFR results from an increase in the Ca transient. However, the mechanism(s) for this increase in the Ca transient has through NHE activation, which subsequently leads to an increase in Ca transient via reverse-mode Na / Ca (NCX) exchange. These 1 experimental data agree with a theoretical ionic model of cardiomyocytes that predicted an increased Na influx and a concurrent increase 21 in Ca entry through NCX as the cause of the SFR to muscle stretch. However, there are aspects that await definitive demonstration, and perhaps subjected to species-related differences like the possibility of an autocrine / paracrine loop involving angiotensin II and endothelin 1 as the underlying mechanism for stretch-induced NHE activation leading to the rise in [Na ] and reverse-mode NCX.
. Introduction
there is a further increase in force that takes several minutes to fully develop and allows the return of EDV There are intrinsic mechanisms in the heart by which it towards baseline. These load-and time-dependent changes can adjust cardiac output to changes in hemodinamic in heart contractility were reproduced in isolated ventricuconditions. The increase in ventricular end-diastolic vollar strips by Parmley and Chuck in 1973 [1] . These authors ume (EDV) caused either by an increase in venous return showed that the sudden increase of cardiac muscle length or a rise in aortic resistance is immediately followed by an leads to a rapid initial increase in twitch force followed by increase in the strength of the heartbeat. This rapid a second slower force increase over several minutes as adaptation, known as the Frank-Starling mechanism, exemplified in Fig. 1 . allows cardiac output to match venous return or remain After the description by Parmley and Chuck [1] the SFR constant even when the heart faces higher afterloads. Next, was detected in a wide variety of experimental preparations including isolated rat and guinea pig cardiomyocytes, [2,3] papillary muscles from cat, ferret and rabbit and rat and in vivo volume-loaded canine hearts [12] . Although E-mail address: cicmes@infovia.com.ar (H.E. Cingolani). 1 Established investigators of Consejo Nacional de InvestigacioneśĆ ientıficas y Tecnicas (Conicet) Argentina.
Time for primary review 21 days. Fig. 1 . Characteristic myocardial contractile response to a sudden increase in muscle length. After stretching a papillary muscle, there is an immediate 21 increase in force (from a to b, panel A) due to an increase in myofilament Ca responsiveness. After that, a progressive increase in force develops during 21 one study in humans failed to detect the SFR after the observation in human myocardium is very much alike the elevation of EDV by intracardiac catheterization [13] , the functional response to stretch of a cat papillary muscle SFR was found to be present in failing human myocarshown in Fig. 1 , suggesting that the SFR to stretch is an dium. Fig. 2 shows the characteristic biphasic force ubiquitous intrinsic response of mammalian myocardium response to stretch in a left ventricular muscle strip to mechanical load, even present in failing human myocarisolated from an end-stage failing human heart. This dium. the result of an increase in the Ca transient (Fig. 1) , a intracellular second messengers. Increases in cAMP after finding first reported by Allen and Kurihara in 1982 [4] , stretch were reported in isolated ferret papillary muscles and subsequently by several (including our) laboratories [9] , and intact canine hearts [10], whereas increased [2,5,6,10]. Even though the phenomenon received consiproduction of InsP was found in rat cardiomyocytes [25] .
3 derable attention, the mechanism responsible for the Also in isolated rat cardiomyocytes, Vila Petroff et al. [26] 21 increase in the Ca transient during the SFR was not proposed that endogenous NO, released from stretched completely defined and several alternatives were raised.
myocytes themselves, could act on ryanodine receptors, 21 21 Increases in the Ca transient might be accounted by and thus enhance the SR Ca releasing capacity. Though 21 21 increases in Ca entry, decreases in Ca efflux and / or interesting, these results are difficult to reconcile with the 21 changes in the sarcoplasmic reticulum (SR) Ca handling. aforementioned findings showing that the SFR is elicited 21 A main Ca entry pathway in cardiac cells is the L-type even with non-functional SR. 21 Ca current, which could be sensitive to stretch or affected by the prolongation of action potential duration induced by stretch [14, 15] . So far, the experimental 21 evidence is against a possible increase in Ca entry 3 . Role of NHE and reverse-mode NCX in the through L-type channels as the cause of the augmented development of the SFR 21 21 Ca contributing to the enhancement of Ca transient [17] . sequent work by the same group demonstrated the implicaHowever, recent reports showed that gadolinium failed to tion of NHE activation by stretch in SFR development. modify the SFR in rabbit [8] and rat [18] papillary muscle.
Their results showed a marked increase in intracellular
Allen et al. [19] proposed the alternative that the Na ([Na ] ) with a time-course similar to, or slightly were abolished by NHE inhibitors ( Fig. 1 ) [6, 7] . Since the increase in Ca influx that, increasing resting Ca would 1 21 rise in [Na ] changes the thermodynamic balance of the load the SR and increase Ca transients in subsequent i 1 21 beats. Na / Ca exchange (NCX), the possibility of an increase
The increase in Ca binding to TnC immediately after in Ca influx through reverse-mode (Ca -Na ) NCX in out 21 the stretch [14] causes a decrease in Ca transient. was proposed. The participation of this mechanism in the 21 21 Trafford et al. [20] proposed that a decrease in Ca increase in Ca transient and the generation of the SFR and force. Although a gain in the SR Ca content was the NCX either by extracellular Na deprivation or with reported in rabbit myocardium [8, 21] the studies of the NCX blocker KB-R7943 (Fig. 3) . The involvement of Kentish and Wrzosek [5], Bluhm and Levy [21] , and the NHE and reverse-mode NCX in the SFR elicited by Kentish et al. [22] and a concurrent increase in systolic Ca entry through the NCX. Therefore, the theoretical model and the experimental results are in good agreement about a role of NHE and reverse-mode NCX in the development of the SFR.
. Role of angiotensin II (Ang II) and endothelin in the SFR
The study by Cingolani et al.
[27] in cat papillary muscles provided experimental evidence to support the participation of an autocrine / paracrine mechanism involving endogenous Ang II and endothelin in the activation of NHE and the SFR. Blockade of Ang II-AT or endothelin ET receptors with selective inhibitors abolished stretch-A The NCX operating in reverse-mode is a requirement for the development 21 induced NHE activation as well as the increase in the Ca of the SFR since any maneuver inhibiting the reverse-mode NCX like 1 transient and the SFR (Fig. 4) increase in Ca influx through reverse-mode NCX and activation of the renin-angiotensin and endothelin sys- 21 the increase in myofilament Ca responsiveness due to tems, if it occurs in sequential steps of a single process or intracellular alkalosis. As a consequence, the magnitude of they are independently activated by stretch. There is an the SFR is almost doubled in the absence of bicarbonate increasing body of evidence showing that many effects and KB-R7943 reduces it by half [29] . thought to be due to Ang II are actually the result of A potential point of controversy could be how important endogenous endothelin. The mediation of endothelin in great variety of Ang II effects such as its hypertensive of Ang II and endothelin in stretched myocardial preparaaction [34], induction of hypertrophy in both cardiac tions. Even though it is known that myocardial cells have myocytes exposed to mechanical stress [35] [36] [37] and local renin-angiotensin [41] and endothelin systems [42] , transgenic hypertensive rats [38] , and activation of memand that the stretch stimulates the secretion of Ang II brane transport mechanisms [27, 39] , has been reported. In [36, 43, 44] and endothelin [44] , most of the knowledge connection with this, a recent study by Aiello et al. [40] about the events that couple mechanical stress with inreported that the increase in outward NCX current (I ) tracardiac peptide secretion and / or production has come NCX produced by exogenous Ang II in isolated cat carfrom studies performed in isolated neonatal myocytes. diomyocytes was cancelled by blocking either Ang II-AT Papillary muscles are multicellular with cardiomyocytes 1 or ET-1 receptors (Fig. 5) . being surrounded by various cells, mainly fibroblasts and Another important aspect to be considered is the origin endothelial cells, which also release endothelin [45] . Whether cardiomyocytes themselves or any other type of intramyocardial cells are the source of endothelin iś unknown at present. In cat papillary muscle, Perez et al.
[7] demonstrated that the SFR was preserved after rendering nonfunctional vascular and endocardial endothelial cells, whereas Calaghan and White [33] showed that the removal of endocardial endothelial cells reversed the slow response to stretch. We do not have a clear explanation for the discrepancy besides the simplistic one about speciesrelated differences. Pioneering studies by Sadoshima et al. [43] established that the mechanical stretch caused the release of preformed Ang II to the surrounding medium of cultured neonatal rat cardiomyocytes but not in nonmyocyte cultures. These authors also showed that Ang II acted as the initial stimulus of the stretch-induced hypertrophic response. Further elucidation of the process came from the experiments mentioned above by Ito et al. cardiomyocytes also provided evidence favoring the pro- posal that myocytes themselves are both the source and the mechanism, which through a combination of responses target of endothelin.
(increase in force and hypertrophy) meets the common As a consequence of the peptide release, multiple end-point of how to face an increased hemodynamic load. downstream signal transduction pathways are activated, However, we should consider that although the activation including phospholipases C, D and A , as well as many of NHE first proposed by Cingolani and collaborators 2 types of protein kinases, such as PKC and MAP kinase [6,27] to be the mechanism underlying the SFR has been cascades [43, 44, 46] . The study by Yamazaki et al. [44] confirmed by other laboratories [8, 44] , the pathway for this also showed that whereas ion channels inhibitors like activation remains controversial and perhaps it is subjected gadolinium, streptomycin, glibenclamide or CsCl did not to species-dependent differences. have any inhibitory effect, NHE blockade could partially attenuate MAP kinase activation and protein synthesis induced by stretch. However, these investigators have 5 . Conclusions called recently the attention to the fact that stretch can trigger myocyte growth through Ang II-independent pathThe SFR seems to be a general phenomenon intrinsic to ways in addition to the autocrine / paracrine mechanism the mammalian myocardium. This functional response [46, 47] . In this context, Cingolani and collaborators proappears to be mediated by stretch-dependent activation of 
